Introduction
Polythiophenes (PTs) are well-known as highly conductive polymers that can be synthesized in a regioregular fashion and functionalized with a variety of side chains and end groups [1] [2] [3] . Because of these properties, many investigators have proposed the use of PTs as sensors to detect volatile organics [4] and biomolecules such as oligonucleotides [5] . In support of that line of research, we have recently demonstrated that a regioregular poly(alkylthiophene) (PAT) can form biocompatible selfassembled monolayers that have favorable properties as biomedical electrodes [6] . As the use of PTs in sensing and nanotechnological devices expands, there will be an increasing need to model devices by simulation, and particularly by atomistic simulation, prior to prototype construction.
Computational chemistry methods in general have been applied to PTs for nearly two decades [7, 8] . Much of the recent work in this arena has focused on the use of quantum-level calculations to study conductivity and optical properties of PTs [5] ; earlier work concerned itself more with structure and torsional potentials, and is referenced further below. However, molecular dynamics (MD) simulations of PTs are not unknown. Most investigators have used general organic force fields, and have achieved some success in multiple domains, including predicting solid-state structure [9] [10] [11] , investigating conformations in solution [12] [13] [14] , and predicting the results of spectroscopic studies [15] [16] [17] . One group has hand-built a PT-only force field that incorporates terms from a variety of the literature sources [18, 19] , and has used these parameters successfully to study phenomena related to PT crystal structure and the migration of dopant ions within films [20] [21] [22] [23] [24] [25] [26] . These studies notwithstanding, it would be valuable to have a set of optimized PT parameters that are appropriately tuned for the charge models and underlying assumptions of common biomolecule-focused molecular dynamics engines such as AMBER [27] , GROMACS [28] , or CHARMM [29] , and to have evidence that those parameters can predict empirical PT properties.
The work presented here addresses that need by developing, from first principles, a set of PT parameters that are consistent with the approach used to develop the current-generation AMBER force fields. Those parameters are then used for a series of replica exchange simulations of the conformation of PATs in implicit solvents. We have previously found that the addition of a branched alkyl side chain to a PT appears to confer solubility in a saturated hydrocarbon solvent, and that this solubility is lacking in PATs with unbranched side chains [30] . The implicit solvent simulations in this work produce results consistent with that finding. The same empirical data have been more thoroughly replicated in explicitsolvent simulations using these same parameters, and the results of those simulations are reported elsewhere [31, 32] . In the following sections, we will detail the calculation of key parameters by ab initio methods, the translation/fitting of those parameters to AMBER functional forms, and the results of the initial replica exchange simulations. This new simulation framework, taken together with existing parameter sets for proteins, nucleic acids, and phospholipids, will allow the modeling of a wide range of hypothetical PT applications in the biological and chemical domains. One example of such modeling is our already-published work on the interaction of PATs with lipid bilayers, which has shown the feasibility of a new type of biosensor [31] .
Methodology

Geometry and partial charges
Starting geometries, partial charges, and AMBER force field parameters were derived for undecorated PT and for two PAT derivatives: poly(3-hexylthiophene) (HPT), and poly(3-(2-ethylhexyl)thiophene) (EHPT). As noted above, EHPT's branched side chain gives it greater solubility in common organic solvents and greater disorder in the solid phase, whereas HPT is overall more ordered and less soluble. These differential solubilities can then be assessed in implicit solvents as a preliminary test of the force field's effectiveness.
The parameter development process was aided in part by the ANTECHAMBER component of the AMBER suite. Initial geometries were obtained by optimizing pentamers of plain PT, EHPT, and HPT at the Hartree-Fock level of theory with the 6-31G* basis set (HF/6-31G*). This and all other ab initio calculations described here were performed with GAUSSIAN03 [33] . Only the nearly planar all-anti conformation was optimized for each pentamer, based on others' findings that bond lengths and other parameters do not significantly change in other near-minimum conformations [34] . A pentamer is expected to be more than sufficient to capture the geometry and electron structure of the general polymer, as previous ab initio studies have found that geometries do not change substantially once the length exceeds three rings [35, 36] . Partial charges were then derived from the HF/6-31G* electrostatic potential grid using the restrained electrostatic potential (RESP) method and program of the AMBER suite [37] . Finally, the optimized and charge-assigned pentamers were split into ''N-terminal'', ''C-terminal'', and ''central'' (derived from the center ring) monomer residues. Where necessary, charges were rounded off by hand to ensure that each monomeric unit had zero net charge.
Other investigators seeking to develop PT force fields have used higher levels of theory for their ab initio calculations, up to MP2/ aug-cc-pVTZ [13] . However, we believe that HF/6-31G* is appropriate for this particular application. Perhaps the most important reason is that existing AMBER force fields were parameterized at this level of theory [38] , and consistency with the existing parameters is a primary goal of our work. However, another deciding factor is that HF/6-31G* optimizations and rotations have been shown by other investigators to match well with experimental results [39] , and the use of higher levels of theory (e.g., MP2) does not substantially change the relative energies of different conformations [40, 41] .
Force field atom types and parameters
The majority of atom types in a PT and the non-bonded interactions between them are well-described by the existing generalized AMBER force field (GAFF). While the generalized aromatic parameters are not optimized for PTs, they are sufficient to accurately reproduce the molecular geometry and potentials, as will be shown below. The exception is the potential function describing the energy of torsion about the bond between two PT rings. This inter-ring torsion is known to be the most flexible degree of freedom among the polymer backbone atoms [35, 34] , and is the predominant determining factor for the polymer's conformational distribution in free-rotating gas and liquid phases [42] . In some cases, it has even been possible to predict oligomer structure solely from the potential of rotation about this bond [34] . Therefore, a new atom type and corresponding parameters must be added to GAFF to accurately model this critical potential.
All four carbons of the thiophene ring were initially assigned to the ''ca'' generic aromatic carbon type of the GAFF force field. To Fig. 1 . Diagram of ethylhexyl (EHPT, left) and hexyl (HPT, right) PT dimers to illustrate the ring and side chain atom nomenclature used in this paper. To enhance the clarity of the drawing, hydrogen atoms of the side chains are not shown. These side chain hydrogens are numbered sequentially beginning on the carbon closest to the ring. For instance, side chain carbon C A1 bears hydrogens numbered H A1 and H A2 . The anti configuration between two rings is considered as 180 .
facilitate representation of the new torsional terms about the PT inter-ring bond, a new atom type ''cp'' was defined for the C2 and C5 carbons of each ring (see Fig. 1 for nomenclature). The majority of forcefield parameters for this new ''cp'' atom type were identical to the GAFF parameters for ''ca'', but the equilibrium bond lengths and angles were altered to better match the geometry found from the HF/6-31G* optimizations.
To properly parameterize the inter-ring torsion, the rotational potential of bithiophene (with no alkyl side chains) was calculated. The dihedral angle between the two rings (S1-C2-C5 0 -S1 0 or C3-C2-C5 0 -C4 0 in Fig. 1 ) was rotated over a full 360 in increments of 5 , with no geometry relaxation after the initial structure optimization. (For purposes of this work, the minimum-energy anti configuration is considered as 180
.) This ''rigid rotor'' method was used to facilitate the next step of matching the torsional potential between AMBER and the ab initio results. It should be noted that other investigators have found the use of a ''relaxed rotor'' in bithiophene to cause no substantial change in either the bond or angle parameters at each step or the observed energy profile [43, 44] . The full 360 rotation (as opposed to the more commonly seen 180 rotation from planar anti to planar syn conformation) was undertaken based on previous reports that the rotor potential is not completely symmetric [45] . This appears to be the first instance where the bithiophene rotor potential has been calculated and reported in such detail; all previous reports used an increment of 10 or greater, and only show the potential for a 180 rotation. Once the ab initio rotor potential was obtained, Fourier series decomposition was used to fit it to a series of cosine terms appropriate for use in an AMBER-compatible forcefield. Such decompositions have previously been shown to have good success in fitting thiophene rotor potentials with only a few terms [40, 46, 47] .
The ab initio potential was decomposed into a set of terms in the AMBER-appropriate form:
K n Ãð1 þ cos ðnu À fÞÞ (1) for n ¼ 1-4, using both cosines (f ¼ 180 ) and sines (f ¼ 270 ) for n ¼ 3 and n ¼ 4. In this equation, K n is the spring constant (magnitude of the Fourier coefficient), and u represents the torsional angle. The obtained coefficients were then split between the S1-C2-C5 0 -S1 0 and C3-C2-C5 0 -C4 0 dihedral angles in the forcefield file, using four terms to describe each; the sine terms were assigned to the S1-C2-C5 0 -S1 0 angle and the cosines to C3-C2-C5 0 -C4 0 . For the exact coefficients and details of how to assign them to the dihedral terms, interested readers are referred to the parameter files available as supplemental online material.
In addition to the all-atom model just described, a united-atom version of this force field was also constructed, in anticipation of our use of these parameters with a united-atom lipid bilayer [31, 32] . The hydrogens of the alkyl side chains (but not the ring backbone) were unified with their carbons, summing the partial charges together. Bond stretching, angle bending, torsion, and Van der Waals (VDW) parameters for the new united atoms were taken from the well-known Ryckaert-Bellemans potential for united alkanes [48] . Because these united-atom parameters require a different scaling of 1-4 VDW forces (a factor of 8 instead of the usual 2 for the AMBER forcefield) than do the standard AMBER parameters, the Fourier decomposition of the previous paragraph was repeated to properly parameterize the united-atom model.
Replica exchange MD in implicit solvents
Molecular dynamics simulations of the two PATs of interest were carried out using these newly derived parameters. EHPT, with its branched side chain, is known to show greater inherent disorder and behave differently from HPT in good and poor solvents. The chosen test case was therefore a comparison of the behavior of the two polymers in water (bad solvent) and hydrocarbon (presumed good solvent). These simulations were carried out using the revised generalized Born implicit solvent model described by Onufriev et al. [49] , as implemented in AMBER 9. EHPT and HPT decamers were each simulated in implicit water (external dielectric constant 78.5) and a generic implicit saturated hydrocarbon (external dielectric constant 2.0). No surface area correction terms were used. It should be noted that simply changing the external dielectric constant does not fully capture the difference between the two solvents, as the underlying Born radii can also be solvent-dependent and the default AMBER parameters are designed for the aqueous case. Moreover, since neither model PT is water-soluble and EHPT is only somewhat hydrocarbon-soluble, we would expect only small differences between the runs. Nevertheless, this dielectric-only technique has recently been successfully used to compare the differential behavior of small peptides [50] and collagen [51] in aqueous and organic solvent. We therefore feel that it provides an adequate ''sanity check'' on the new parameters before they are deployed in more realistic simulations.
To accelerate configurational sampling, all four implicit solvent MD simulations were performed in a replica exchange ensemble. Replica exchange, also called parallel tempering, is a descendant of the simulated annealing method. Multiple copies (replicas) of the same system run in parallel at different temperatures. By occasionally exchanging system temperatures, each replica effectively undergoes several annealing cycles, and the simulation is more readily able to sample the full range of configuration space. For precise mathematical details of the setup and analysis of such simulations, readers are urged to consult one of the many excellent papers on the topic, including [52, 53] . The simulations described here used the built-in replica exchange capabilities of AMBER 9.
Twelve replicas were used for each of the four simulations, with their temperatures selected according to the optimal spacing algorithm of Rathore et al. [54] . The temperature span for EHPT ran from 300 K to 709.27 K, while HPT ran from 300 K to 744.0 K, with all temperatures maintained by a Langevin thermostat with a coupling constant of 0.5 ps À1 . Configuration information was written and exchanges attempted every 1 ps of simulated time. Representative samples of the raster and temperature history plots for the replica exchange simulations are shown in Fig. 2 , and demonstrate that the simulations performed an adequate random walk in temperature space over the 5 ns of simulated time. The specific exchange rates varied from 20.8% to 38.6%. The latter value is slightly higher than optimal [55] , but is not so high as to have compromised the quality of the simulation, especially given the shorter relaxation times of implicit solvent systems. The SHAKE algorithm was used to constrain bonds involving hydrogen, and an integration timestep of 1 fs was used due to the elevated temperatures applied to some replicas. The RESPA algorithm was used to only evaluate slowly varying forces at every other timestep. A non-bonded interaction cutoff of 20 Å was used, which allowed the side chain of each monomer unit to ''see'' as far as the side chains of its neighbors.
Each replica-exchange simulation was run for 5 ns, giving a total simulation time of 240 ns. The output (trajectories, energies, and temperature histories) from these simulations were then used to calculate potentials of mean force (PMFs) using the weighted histogram analysis method (WHAM). All WHAM calculations and PMF error estimation used the methodology and code of Chodera et al. [56] . Table 1 compares the ring geometry obtained from other groups' experimental and ab initio theoretical studies of oligothiophene to the geometry obtained from both the HF/6-31G* pentathiophene optimization and AMBER energy minimizations using our new force field. The agreement is generally good, with the root-mean-squared (RMS) error between empirical atom-atom distances and these calculated ab initio distances being 0.024 Å . RMS error between empirical and ab initio bending angles is 4:05 when three-atom bond angles (bending motions) about the interring C2-C5 0 bond are included in the calculation, or 0:71 if they are not. This is not a surprising result; the empirical geometries for thiophene and terthiophene were measured in the solid phase, where intermolecular packing interactions would be expected to affect the bending and torsion angles about the inter-ring bond (the most flexible degrees of freedom). By contrast, the calculations reported here implicitly assume a gas phase molecule in vacuum, where those same parameters would be expected to be more relaxed.
Results
Geometry and partial charges
Because the torsion (and associated bending) about the interring bond is relatively free in polythiophene and is also sensitive to the molecule's environment, it is important to compare the values obtained in these calculations with empirical results that were also obtained in the gas phase. Two electron diffraction studies of gasphase bithiophene have been carried out; the first reported an inter-ring dihedral angle of 146 [57] , while the second reported 148 AE 3 [39] . The values reported here show good agreement with those experiments; the minimum of the HF/6-31G* rigid-rotor potential lies at 145:93
, and the same dimer minimized with the derived AMBER forcefield has a dihedral angle of 145:07 (Table 1 ). The center rings of pentamer structures from ab initio and AMBER minimizations show slightly more planar angles, at 150:15 and 151: 56 , respectively. These are still within the experimental margin of error. Moreover, a pentamer should be more planarized than a dimer, since the increasing length should allow greater electron delocalization along the backbone, which will lower the energy of planar conformations [58] . Representative examples of raster plot (A, one dot per successful exchange, 500 ps sample) and temperature history plot (B, two randomly selected replicas, full 5 ns run) for the replica exchange implicit solvent simulations. All replicas show regular exchange and visit each temperature multiple times, verifying that the temperatures were appropriately spaced for these simulations. Distances are in Å and angles are in . Both the average value and the range are given for cited prior results; a range of zero indicates that only one study provided a value for that parameter. Atom nomenclature is given in Fig. 1 . For oligomers of degree three and greater, the reported values are for the central ring, with the exception of the terminal C5-H5 distance. The values from both our HF/6-31G* calculations and the molecular dynamics parameterization agree well with both the empirical results and other groups' ab initio calculations on similar molecules. The RMS error between the empirical geometries and our HF/6-31G* results is 0.024 Å for distances and 0:71 for angles (not including angles about the inter-ring C2-C5 0 bond). Bending and torsion about that inter-ring bond are the principal locus of disagreement, and including them in RMS error calculations raises angle error to 4:05 .
It is also valuable to consider the effect of the side chains on the inter-ring dihedral angles. There are no known data on the gasphase geometry of alkylated oligothiophenes. The closest match is a dynamic NMR study which found that alkylated dimers interconverted rapidly between syn-like and anti-like forms even at 140 K, and thus inferred that the barrier between configurations is very low [41] . Ab initio studies at levels of theory ranging from HF/3-21G* to HF/6-31G** also suggest a low barrier to ring rotation in oligo(alkylthiophenes), and that the addition of side chains should favor a geometry that is further deplanarized compared to plain oligothiophene [45, 59, 43] . These studies further indicate that longer alkyl chains should produce more lowering of the barrier and more deplanarization [45, 59, 41] .
The results of adding all-atom or united-atom ethylhexyl or hexyl chains to pentathiophenes are shown in Table 2 , and follow the same trend seen in others' calculations. The optimal inter-ring dihedral angles in HF/6-31G* optimizations of alkylated pentamers are slightly higher (more planar) than those observed in previous studies of dimers, possibly due once again to the increased electron delocalization of longer oligomers. AMBER minimizations (using the default steepest descent/conjugate gradient method) of those same molecules show substantially less deplanarization than the HF optimizations. There is no definitive explanation for this observation at this time. However, given what has just been noted about the broad, flat-bottomed potential well for alkylated bithiophene torsion (in contrast to the well-defined minima of the plain bithiophene rotor potential; see below), it is possible that the AMBER minimizations became trapped in local minima along the bottom of this potential well and were not able to reach the global minimum. The methyl dimer of Hernandez et al. was studied at the HF/6-31G** level of theory, as opposed to the HF/6-31G* suggested by [43] . The ab initio results indicate that the longer side chains used here are more planarizing than the shorter chains studied in prior work, although the rings remain substantially rotated relative to each other. Results from energy minimizations in the AMBER forcefield show more planar configurations than the ab initio. Neither these calculations nor other groups' results matches the empirical solid-state value, but gas phase calculations would not be expected to produce a good match. All charges are in electron units. The charges reported here are for the all-atom model; the charges for the united-atom model simply sum the aliphatic hydrogen charges into the corresponding carbons. See Fig. 1 for atomic nomenclature.
Partial charges derived with the RESP procedure are shown in Table 3 , and are generally unremarkable. As expected, the molecules are overall apolar, with the carbons and sulfurs of the thiophene rings showing higher partial charges (greater electron delocalization and polarizability) than the aliphatic side chains. Fig. 3 shows the HF/6-31G* rigid rotor potential for bithiophene, and compares it to the AMBER rotor potentials obtained using the all-atom and united-atom derived forcefields. The match is excellent, with the RMS error between AMBER and ab initio energies being 0.047 kcal/mol for the all-atom fit and 0.063 kcal/mol for the united-atom fit. The shape of the potential is also consistent with that observed by other groups using a self-consistent field approach and similar basis sets, and using both rigid and relaxed rotations [39, 43, 40, 41] . The potential shows two sets of minima, corresponding to syn-like (0 ) and anti-like (180 ) configurations. As would be expected, the syn-like conformation has higher energy due to the close approach of the two sulfur atoms. The syn-and anti-like minima differ in energy by only 0.64 kcal/mol in the best case, and the barriers between them are relatively small, implying that PTs at equilibrium in solution should show a mixture of syn-and antibackbone angles. This is consistent with prior NMR and gas-phase electron diffraction studies showing that bithiophene exists in a mixture between syn and anti conformations, with the anti conformation slightly favored (by 8 AE 4% in the gas phase) [60, 41, 39] .
AMBER fitting of ab initio torsion potential
The energy barriers in this rigid rotor potential are compared in Table 4 to those observed by other groups in experimental and computational studies. The height of the highest barrier has been quantified by NMR in a liquid crystal solvent as 5 AE 2 kcal/mol [61] ; the value of approximately 2.2 kcal/mol observed in this work is slightly outside that range, but one would expect the rotational barrier to be lower in gas phase than in a highly ordered solvent. For the energy difference between the anti-like and syn-like conformers, there is little agreement in the literature-measurements with different techniques have ranged over almost an order of magnitude, from 0.18 to 1.16 kcal/mol [61, 39, 62] . Four values for this gap can be extracted from each curve in Fig. 3 , depending on which minima one chooses to compare. All of the calculated values fall within the broad experimental range.
The agreement between the bithiophene rotor potential found in this work and that observed in other investigators' calculations is qualitatively good, but the actual energy values differ slightly, as also seen in Table 4 . Our calculated maximum barrier height of 2.2 kcal/mol agrees better with the HF/6-31G** calculations of Hernandez and Navarrete [43] than with the slightly lower values of prior HF/6-31G* calculations [39, 40, 46] . The gap between syn and anti minima reported here could be either higher or lower than previous ab initio calculations, depending on which of the four values one chooses. The majority of these differences are likely attributable to the use of different calculation techniques. Previous investigations have used relaxed-rotor potential calculations, rotating only over 180 , with a minimum spacing of 10 between sample points. By contrast, the potentials of Fig. 3 are rigid rotations over a full 360 with 5 spacing. This higher resolution reveals the aforementioned asymmetry of the rotor potential and may be able to sample deeper minima, while the lack of atomic position relaxation would be expected to produce higher energies at the peaks, where atoms are undesirably close together. Fig. 3 . Rigid rotor potential of plain bithiophene, as computed by ab initio HF/6-31G* (circles), compared to the same rigid rotor potential computed in AMBER using the all-atom (SCNB ¼ 2, squares) and united-atom (SCNB ¼ 8, diamonds) parameterizations. RMS error for the all-atom fit is 0.047 kcal/mol, and for the united-atom fit is 0.063 kcal/mol.
Table 4
Relative energies from the rigid rotor potentials of Fig. 3 vs. selected studies Solution NMR [61] Gas phase e À diffraction [39] Gas phase fluorescence [62] The ''highest energy barrier'' value is the height of the highest barrier in the entire potential (a transition state with the rings at 90 to each other), while the ''anti to syn increase'' value reports the distance between the two local minima corresponding to the syn and anti conformations of bithiophene. All energies are given in kcal/mol. Calculations of other groups are presented as average and range. The AMBER parameterizations match well with our ab initio calculation, but both sets of calculations show a slightly higher trough-to-peak energy and a slightly lower anti-to-syn energy than previous ab initio results using the same basis set. This is attributed to the use in this work of a rigid rotation, compared to the relaxed rotation of other investigators. Both ab initio and AMBER calculations fall within the range of reported experimental energy values, at least partly due to broad experimental ranges.
Replica exchange MD in implicit solvent
Through replica exchange simulations of EHPT and HPT, we sought to determine whether the new force field can produce results consistent with our prior experimental observations of different solubilities for these two molecules. The end-to-end distance of the simulated decamers is used here as a proxy for solubility. PATs are well-known to form aggregates, particularly in poor solvents [1, 63] , and it has been suggested that the first step in this process is the collapse of an individual chain upon itself to form ''intramolecular aggregates'' [64, 14] . Such collapse brings the two ends of the molecule closer together, and thus the end-to-end distance is a rough estimate of the solvent's ability to solvate the polymer under study. Fig. 4 shows the potentials of mean force (PMFs) for EHPT and HPT in implicit water and hydrocarbon. The PMF can be considered as the free energy profile of the system across an arbitrary reaction coordinate, in this case the end-to-end distance of the simulated decamer. Numeric values for the PMF minima are given in Table 5 . Both PATs show a lower energy in water than in hydrocarbon for conformers with lower end-to-end distance. This is consistent with aggregation, as would be expected for hydrophobic molecules in an aqueous environment. The other notable feature of these PMFs is the difference in response when the solvent is changed from implicit water to implicit hydrocarbon. Both molecules show a shift towards more extended conformations, implying that hydrocarbon is a more favorable solvent than water, but EHPT shifts by approximately 1.5 Å , whereas HPT shifts by only 0.5 Å . The observed differences are small, and the curves of Fig. 4 largely overlap. Given this, only limited conclusions can be drawn from these results. Nevertheless, the observed trend does match our prior empirical observations that EHPT is more ''at home'' in alkane-like environments than HPT is. Moreover, the difference is not expected to be large -although EHPT does dissolve in saturated hydrocarbons, they are at best a weak solvent, and a full response cannot be expected.
The distribution of the backbone dihedral angles between thiophene rings should also be affected by solute/solvent compatibility. The bithiophene rotor potential of Section 3.2 describes the ''natural'' tendencies for the mutual orientation of thiophene rings in a polymer backbone. If different solvents change the molecule's propensity to adopt certain conformations, this can be seen in the dihedral angle distribution as a deviation from the ''ideal'' distribution predicted by the rotor potential. The base potential of Fig. 3 shows effectively two minima, with the lowerenergy minimum corresponding to an anti-like configuration and the higher-energy minimum corresponding to a syn-like configuration; one would therefore expect a dihedral angle distribution from a PT simulation to show two peaks, with the peak at anti-like angles higher than that at syn-like angles. It should be kept in mind, however, that the simple presence of side chains can shift and flatten the torsional potential (as also discussed in Section 3.2), and that this phenomenon will interact with solvent effects to produce the final distribution.
The backbone dihedral angle distributions observed in these implicit solvent replica exchange simulations are shown in Fig. 5 , and the angles corresponding to the peaks are in Table 5 . All four simulations show the expected two peaks corresponding to syn and anti orientations, but there are also visible shifts in the relative peak magnitudes across polymer and solvent conditions. EHPT is consistently biased towards an anti configuration, whereas HPT is biased towards the syn configuration (although the two peaks are roughly equal height for HPT in hydrocarbon). Both polymers show an increase in the probability of anti-like angles when moving from water to alkane. Since the anti configuration is favored in the potential for rotation in vacuum, one can consider simulations that Fig. 4 . Potentials of mean force for the end-to-end distance of EHPT (A) and HPT (B) in implicit water (solid curves) and hydrocarbon (dot-dashed curves) solvents. The insets display detail of the potential well around 34-37 Å . Both polymers show lower energy for shorter configurations in water than in hydrocarbon, suggesting that aqueous solvation favors aggregation. Extended conformations are more favored for EHPT in hydrocarbon than HPT in hydrocarbon (as seen in the insets), consistent with the known higher solubility of EHPT in alkanes. Persistence length is calculated from the 300 K trajectories and is reported as number of repeat units. The range spanned by two standard deviations is also given. For dihedral distributions (*) denotes a run where the primary and secondary peaks are of approximately equal height. HPT is found to favor a more syn orientation, whereas EHPT favors more anti-backbone angles. EHPT shows more tendency towards extended conformation than HPT when in implicit hydrocarbon. This is associated with a prediction of greater conductivity (greater persistence length) in hydrocarbon, although the difference is much smaller than the width of the distribution.
show more of an anti bias to represent polymers that are in a more ''relaxed'' or ''free'' environment. Moreover, the helical phase of PAT aggregation in poor solvent requires the chain to adopt mostly syn angles [65, 64, 14] . Following these lines of reasoning, the replica exchange simulation results are consistent with both EHPT and HPT being more soluble in alkanes than in water, and with EHPT being overall more soluble than HPT, all well-known properties of these PATs. Both peaks in all four backbone dihedral distributions are shifted by [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] from the fully planar syn and anti configurations. This is consistent with the effect of alkyl side chains described above, and the same phenomenon has also been observed in other investigators' PT simulations [13, 16] . Deplanarized configurations have even been observed for hydrophilic PTs in water, demonstrating that this is not a solvent-driven effect per se [66] . Ab initio studies of PT polarizability suggest that even with this substantial deplanarization, there should still be modest p-orbital overlap and electron conductivity [58] . That prediction can be evaluated by examining the persistence length of the polymers. The persistence length is defined as half the Kuhn length, which in turn can be considered as the average length over which the polymer does not bend. Since bends interrupt electronic conjugation and decrease conductivity, longer persistence lengths imply greater conductivity, and comparisons of the persistence length between two simulations can provide a rough estimate of the relative conductivity of the polymers in those simulations. For the short molecules simulated here, which contain only a few Kuhn lengths, the persistence length l is best estimated by a modification of the method given by Heffner et al. [67] :
where hR 2 0 i is the mean squared end-to-end distance, n is the degree of polymerization, and L 0 is the length of a monomeric unit (taken to be 3.9 Å in this case). For light-scattering measurements, the formula is usually couched in terms of molecular weight and monomer mass, since the precise degree of polymerization is not directly known. In the case of simulations, n is known, and the weight terms can be canceled out.
The persistence lengths for the four implicit solvent simulations were calculated using 5 ns of trajectory snapshots, taking at each timestep the configuration of the replica that was visiting the 300 K commanded temperature. These results are shown in Table 5 . As would be expected from the end-to-end distance PMFs, both polymers show longer persistence lengths in alkanes than they do in water, and EHPT has a higher persistence length in hydrocarbon than does HPT. All of the reported persistence lengths are significantly different from each other ( p < 0:0001 by Student's t-test). However, it is worth noting that these low p-values are due to the ability of MD simulations to generate an arbitrarily large number of datapoints, and that there is a great deal of overlap between the persistence length distributions of the four simulations. As we stated above, the difference between the end-to-end distances from which we derive the persistence lengths is not large and likely cannot be large in this particular polymer/solvent model; as such, the most that can be said is that a trend is observed and may be significant.
The more important point is that all four observed lengths hover around roughly 3.5 repeat units, giving a Kuhn length of approximately seven thiophene rings. This suggests a polymer that is behaving largely as a rigid ''twisted rod'' and that, even in the worst case of HPT in water (mean persistence length of 3.34 repeat units) is not collapsed into a ring or partial-helix conformation. It is also noteworthy that the persistence length varies substantially over the course of each simulation, with the tails of the distributions for all four polymers (as seen in Table 5 ) encompassing an extremely coiled form (persistence length roughly 1.5 units) and a fully extended form (persistence length roughly 5 units). At the same time, empirical measurements of the persistence length of regioregular PTs in good solvent (chloroform) using UV-vis absorption spectroscopy tend to observe lengths of 10 repeat units or greater, substantially above what is seen here [68, 69] .
One property not clearly reflected in these data is the wellknown ''solvatochromic'' effect, where some regioregular PATs change colors (due to changes in backbone angle and resulting changes in electron delocalization) when solvent quality is altered from good to poor. This property is known to hold for HPT, and has been theorized to occur through the formation of the previously mentioned helical intramolecular aggregates [64, 14] . Solvatochromism has not been reported in the literature for EHPT, and we have never observed it in chloroform/ethanol dilution tests of EHPT samples. 3 If the helical aggregation mechanism does indeed drive HPT solvatochromism, one could argue that it is seen in the results of Fig. 5 ; a PT helix should show predominantly syn angles [14] , and HPT does show more syn angles than EHPT, particularly when in water (which should be a non-solvent). However, solvatochromism should also manifest as changes in the electronic conjugation length (as reflected in the persistence length). Since HPT solvatochromism takes the form of a shift to purple colors in poor solvents, one would expect greater conjugation (longer wavelength absorption) in those solvents. This effect is not seen for EHPT or HPT in these replica exchange simulations-as noted above, both polymers show longer persistence lengths in hydrocarbon than in water, opposite to the expected trend. The evidence for solvatochromism in these simulations is therefore ambivalent at best.
Discussion
We have presented a new set of force field parameters specifically optimized for simulation of PATs using the most popular molecular dynamics engines. Replica exchange simulations of two model PATs for which we have empirical data produced theoretical results that are mostly consistent with experiment, despite the many approximations inherent in the implicit solvent model and the single-decamer system. Although this paper presents studies only of EHPT and HPT, the same parameters could be used to study any PT as long as the partial charges were properly assigned.
The AMBER parameters derived from ab initio computations show good geometrical agreement with both empirical and previous ab initio results, indicating that they can be relied on to predict the configuration of other polymers. The HF/6-31G* rotor potential and its AMBER sine/cosine fit also match the limited empirical data available; since this term is the most important part of the PT force field, its match to the empirical data bodes well for the ability of the force field to accurately predict conformations. The agreement with the calculated potentials of other groups is not perfect, but the differences in results can largely be explained by differences in methodology. It should also be noted that the discrepancies in energies are extremely small, about 0.2 kcal/mol in the worst case. This small barrier is unlikely to have a detectable effect on the behavior of a simulated system, as it is of the same order of magnitude as the thermally induced potential energy fluctuations of a system at room temperature.
Finally, we note that the ab initio rotor potential is not symmetric, despite the molecule itself being symmetric. One potential explanation is the way the curve was derived; we chose a rigid rotation (without energy-minimizing relaxation) to increase the speed of calculation. In such a rotation, it is possible for the effective þu and Àu configurations to have slightly different atomic coordinates, thus allowing steric effects to break the expected symmetry. It is also possible that the effect captures some notwell-understood property of the actual bithiophene molecule; as we noted above, other groups have reported an asymmetry in the rotor potential [45] and that the use of a relaxed rotation does not appear to change the energy profile [43, 44] . Regardless of the source, this asymmetry should not substantially impact the quality or outcomes of simulations based on the derived force field. Whether from simple steric effects or some other source, the asymmetry captures some actual behavior of the electron orbitals of the bithiophene system. That behavior is appropriately modeled in AMBER, since the force field tuning curve matches the ab initio potential, and thus the overall system should behave in a manner approximating an actual PT chain (modulo solvent effects, which are further considered below).
In considering the results of the replica exchange simulations, it is important to keep in mind that they represent a simplified first test of the new force field. Within the scope of that limitation, it is encouraging that the simulations show multiple trends that match previous experimental findings. Both EHPT and HPT are seen to adopt more extended conformations in hydrocarbon and more collapsed (fully or partly aggregated) conformations in water. EHPT is able to achieve a more extended state than HPT, although their potentials of mean force overlap substantially. Both polymers appear to favor a ''twisted rod'' conformation, with EHPT showing a predominance of anti-like angles and HPT a predominance of synlike angles. This may imply that HPT is attempting to form a helical aggregate, particularly in water. PT helices are predicted to have at least 12 units per turn, so the full helix is not observable in these decamer simulations [14] . The relatively short length of the simulated molecules (compared to the high degrees of polymerization obtainable in real syntheses) may also explain why these data show only a slight collapse on moving from hydrocarbon to water solvation. These short rod-like molecules do not have much capacity for collapse, whereas longer molecules would have more flexibility to fold back upon themselves and stabilize bent conformations.
Not all of the results from the replica exchange simulations agree with expectations. The persistence lengths observed in all four simulations are shorter than those empirically measured for PTs in good solvents (which should be the shortest lengths possible). The persistence lengths also show an inverse solvatochromic effect, with both polymers showing more conjugation in alkanes than in water. These deviations from expected trends are most likely due to the many physical variables not captured in the system reported here. While variations in the solvent dielectric constant do have a small effect on PT conformations (as evidenced by the present results), a more accurate implicit solvent model would also change the Born radius and screening parameters when moving from aqueous to organic solvation. A real solvent would also alter the molecular configuration through electrostatic and VDW interactions between solvent and solute. Hydrocarbon solvents in particular will exhibit a high viscosity, since it is energetically unfavorable for the polymer to displace many long alkyl chains. The presence of any or all of these neglected phenomena would likely widen the gap between the observed properties of HPT and EHPT. It would also help to have a truly ''good'' solvent in which to test both model PTs; we compared implicit alkane to implicit water, but in point of fact, even EHPT is not nearly as soluble in hydrocarbons as it is in chloroform or toluene. Unfortunately, there is no good way to capture these solvents' properties within the generalized Born model used here. In work reported elsewhere, we have used these same parameters to simulate EHPT and HPT interacting with explicit water and lipid systems, and have seen substantial differences in their behavior [31] . Finally, there is the fact that the empirical data being used as a reference involve long-chain PTs interacting with each other in solution, whereas the data presented here represent short-chain PTs that are unable to experience intermolecular interactions with neighboring polymers. Multi-chain aggregation may be particularly important for the solvatochromic effect that was not clearly seen in these results [64] . Therefore, without the possibility of aggregation, it is unsurprising that these results are not able to fully reproduce the range of known PT properties.
In summary, we have demonstrated a new force field and framework for theoretical simulation of PTs that produces results consistent with known experimental data. This framework includes a straightforward and computationally reasonable method for parameterizing other related polymers and deriving partial charges. Disagreement between our simulations and empirical expectations is largely attributable to the use of overly simplified models, and was corrected when more realistic (but more computationally intensive) ensembles were employed. This new force field can be used to predict the behaviors and functionality of PTs in proximity to biomolecular systems, an area of increasing scientific and engineering relevance. We hope that these parameters and their accompanying results will be of value to the biosensing community, and we eagerly await the new developments in sensor technology that should result.
